The heat resistance of a four-strain mixture of Escherichia coli 0157:1-17 in raw ground beef in both the absence and presence of the antimicrobials carvacrol and cinnamaldehyde was tested at temperatures ranging from 55 to 62.5°C. Inoculated meat packaged in bags was completely immersed in a circulating water bath, cooked for 1 h to an internal temperature of 55, 58, 60, or 62.5°C, and then held for predetermined lengths of time ranging from 210 min at 55°C to 5 min at 62.5°C. The surviving bacteria were enumerated by spiral plating onto tryptic soy agar overlaid with sorbitol MacConkey agar. Inactivation kinetics of the pathogens deviated from first-order kinetics. D-values (time for the bacteria to decrease by 90%) in the control beef ranged from 63.90 min at 55°C to 1.79 min at 62.5°C. D-values determined by a logistic model ranged from 43.18 mm (D 1 , the D-value of a major population of surviving cells) and 89.84 mm (D2 , the D-value of a minor subpopulation) at 55°C to 1.77 (D 1 ) and 0.78 mm (D2) at 62.5°C. The thermal death times suggested that to achieve a 4-D reduction, contaminated processed ground beef should be heated to an internal temperature of 60°C for at least 30.32 mm. Significantly increased sensitivity to heat (P < 0.05) was observed with the addition and/or increasing levels of carvacrol or cinnamaldehyde from 0.5 to 1.0%. The observed thermal death times may facilitate the design of acceptance limits at critical control points for ground beef at lower times and temperatures of heating.
Contamination of ground beef with Escherichia co/i 0157:H7 is a potential health hazard and a continuing concern for both consumers and the food service industry (34). This pathogen is responsible for hemorrhagic colitis, a condition manifested by severe abdominal pain and bloody diarrhea. These symptoms may be followed by the life-threatening complications of hemolytic uremic syndrome and thrombotic thrombocytopenic purpurea, which contribute to a high mortality rate, particularly in young children and the elderly (17, 18, 35) . Contaminated, undercooked ground beef has been identified as one of the primary food vehicles for transmission of this pathogen (25) .
In a relevant study on the thermal destruction of E. co/i 0157:H7 in beef (20) , ground beef samples inoculated with E. coli 0157:H7 were subjected to sublethal heating at 46°C for 15 to 30 min and then heated or cooked to a final internal temperature of 60°C. Heat-shocked cells survived longer than the non-heat-shocked cells, and the primary thermotolerance response of the heat-shocked organisms was a switch to nonlinear inactivation kinetics. In that study, the time to reach 4-D inactivation values at 60°C increased 1.56-fold as a result of heat shocking. The heatshock and induced thermotolerance response is analogous to the induced thermotolerance response to slow cooking rates or long come-up times employed to reach final cookAuthor for correspondence. Tel: 215-233-6500; Fax: 215-233-6697; E-mail: vjay.juneja@ars.usda.gov. Mention of trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply re commendation or endorsement by the U.S. Department of Agriculture.
ing temperatures in the production of sous vide cooked foods.
In a related study (21) , ground beef inoculated with E. co/i 0157:H7 was cooked in a water bath to an internal temperature of 55, 58, 60, or 62.5°C for up to I h. In these experiments, the D-values at all temperatures were significantly lower (P < 0.05) in ground beef adjusted with acetic acid to pH 4.5 than sample with pH 5.5. Acetic acid rendered E. co/i 0157:H7 more sensitive to the lethal effect of heat at the same pH levels. Although the results of that study provided some characterization of E. co/i 0157:H7 in sous vide processed ground beef of different pH values, to our knowledge there are no published studies on heat resistance of E. co/i 0157:H7 in sous vide processed beef supplemented with the plant-derived antimicrobials, carvacrol or cinnamaldehyde. Therefore, the main objective of the present study was to assess quantitatively the ability of carvacrol or cinnamaldehyde to reduce the heat resistance of E. co/i 0157:H7 in ground beef under conditions simulating those that occur in the food industry.
MATERIALS AND METHODS
Materials. Carvacrol (>98% pure, molecular weight of 150.2, CAS 499-75-2) was a gift from Millenium Chemical Co. (Boca Raton, Ha.), and trans-cinnamaldehyde (>99.5% pure, molecular weight of 132.2, CAS 14371-10-9) was obtained from Sigma (St. Louis, Mo.).
Test organisms. The four strains of E. co/i 0157:117 used in this study were 45753-35, 933, A9218-Cl, and ent C9490 (Jack-in-the-Box). Strains 45753-35 and 933 are meat and kidney
isolates, respectively, and were obtained originally from the Food Safety and Inspection Service (U.S. Department of Agriculture, Beltsville, Md.). Strains A9218-C1 and ent C9490 are clinical isolates and were originally obtained from the Centers for Disease Control and Prevention (Atlanta, Ga.). These strains had been maintained as frozen (-70°C) stocks in brain heart infusion (BHI) broth (Difco, Becton Dickinson, Sparks, Md.) supplemented with 10% glycerol and were obtained from the Microbial Food Safety Research Unit laboratory culture collection. During the course of the present study, individual stock cultures were maintained on BHI agar slants at 4°C with monthly transfers to maintain their viability.
Preparation of inocula. Each strain was cultured individually in 50 ml of BHI broth in 250-ml flasks incubated aerob$cally at 37°C. Two consecutive 24-h transfers were made using 0.1 -ml inocula. Final late-stationary-phase cultures were centrifuged (5,000 X g for 15 min at 4°C) and washed in 0.1% peptone water (wtivol); this centrifugation and washing step was repeated twice. The cell pellets were finally suspended in peptone water to achieve a target level of 9 log CFU/ml. The population density in each inoculum suspension was enumerated by spiral plating (model D, Spiral Biotech, Bethesda, Md.) appropriate dilutions (in 0.1% peptone water) in duplicate onto tryptic soy agar (TSA; Difco, Becton Dickinson) plates. The plates were then incubated at 37°C for 24 h to determine the initial number of bacteria. Equal volumes (2 ml) of each of the four cultures were combined in a sterile test tube to obtain a four-strain mixture of E. coli 0157:H7 (-9 log CFU/ml) before inoculation of meat.
Ground meat sample preparation and inoculation. Raw 75% lean ground beef was obtained from a local super market, separated into 300-g batches for the different treatments, and mixed thoroughly with cinnamaldehyde (0, 0.5, and 1%, vol/wt) and/or carvacrol (0, 0.5, and 1%, vol/wt) for 2 min in a stand mixer (model no. K45SS, KitchenAid Inc., Greenville, Ohio). Separate 75-g batches of the mixed ground beef were prepared, vacuum packaged, and stored frozen (-5°C) until use (approximately 60 days). Before experiments, meat bags were thawed for 24 h at 4°C, and 0.15 ml of the E. co/i 0157:1-17 cocktail was added to 75 g of meat to obtain a final concentration of approximately 8 log CFU/g. Each bag of meat was then blended with a Stomacher 400 lab blender (Tekmar, Cincinnati, Ohio) for 5 mm to ensure even distribution of the organisms in the respective menstruum. Meat samples (5 g) were aseptically weighed into sterile filter stomacher bags (BP-100, Spiral Biotech, Boston, Mass.) and then compressed into a thin layer (approximately 1 to 2 mm thick) by pressing against a flat surface, excluding most of the air. The bags were then vacuum sealed at 17 mbar with a packaging machine (model A300/16, Multivac, Kansas City, Mo.). Negative controls included bags containing meat samples inoculated with 0.1 ml of 0.1% (wtivol) peptone water with no bacterial cells.
Sous vide cooking and thermal inactivation.
To simulate the conditions that occur in the retail food industry and institutional food service settings, the vacuum-packaged bags containing the meat samples were placed in a wire rack and then fully submerged in a temperature controlled water bath (model RTE-17, Digital Plus, NESLAB Instruments, Inc., Newington, N.H.) stabilized at 23°C. The temperature of the water bath was programmed to increase in a linear fashion to a target temperature of 55, 57.5, 60, or 62.5°C in 1 h. This process simulated the cooking of rare roast beef. After cooking, bacteria in the samples were enumerated, and the data were recorded as number of pathogen cells per gram after cooking. The temperature of the water bath was maintained at the final cooking temperature, and bags for each replicate were removed at designated time intervals. Sampling frequency was based on the heating temperature, e.g., 15 min at 55°C and 0.5 to 1 min at 62.5°C. Total heating time ranged from 210 min at 55°C to 5 min at 62.5°C. After removal, bags were immediately plunged into an ice-water bath and analyzed within 30 mm. Negative controls included bags containing uninoculated meat.
Enumeration of surviving bacteria. For determination of the number of surviving bacteria, 5 ml of sterile 0.1% peptone was combined with each meat sample to obtain a 1:1 (wtivol) slurry and pummeled for 2 min with a Stomacher 400 lab blender. Decimal serial dilutions of the suspensions were prepared in 0.1% peptone water, and appropriate dilutions were surface plated onto TSA dishes with a spiral plater. Samples not inoculated with E. co/i 0157:H7 were plated as controls, and 0.1 ml of the undiluted suspension also was applied to agar plates using the spread plate method. The TSA plates were overlaid with 10 ml of sorbitol MacConkey agar (pretempered to 47°C; Oxoid, Lenexa, Kans.) after 120 min of resuscitation at room temperature to allow recovery of heat-damaged cells (22) . These plates were allowed to solidify before incubating at 30°C. E. co/i 0157:H7 colonies were counted after 48 h of incubation. Isolates from plates were randomly selected and subjected to serological confirmation as E. coli 0157:1-17 serotype (E. co/i 0157:H7 latex test, RIM, Remel, Lenexa, Kans). To determine D-values, an average CFU per gram for four plates created at each sampling point was used for each replicate experiment performed in duplicate (N = 4; n = 2 replicates per trial).
Calculation of D-and z-values. The D-values (time in min-
utes to inactivate 90% of the viable cells or 1 log CFU) were determined from the straight-line portion of the survival curves by plotting the log number of survivors against time for each heating temperature (Excel Software, Microsoft Corporation, Redmond, Wash.). To calculate the D-values by linear regression, only those survival curves with more than five values in the straightline portion of the plots descending more than 5 log cycles were used. Two D-values were calculated by fitting regression lines to experimental data points that contributed to tailing or shouldering by a survival equation (logistic model) using a curve fitting program (DataFit for Windows, version 7.1, Oakdale Engineering, Oakdale, Pa.). The z-values (the temperature in degrees C required to change the D-value by 1 log unit) were estimated by computing the linear regression (29) of mean log D-values versus their corresponding heating temperatures using Excel Software. The z-value was calculated by taking the absolute value of the inverse slope.
Statistical analysis. The heat resistance data were analyzed by analysis of variance in SAS (32) to determine whether there were significant differences among the treatment results. The Bonferroni mean separation test was used to determine significant differences (P < 0.05) among means (28) . The coefficient of multiple determination, defined as the square of the correlation coefficient, was used to estimate the proportion of variability of the response as explained by the regression of the logistic model used to analyze the kinetics of inactivation of the bacteria. Figure 1D .
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trends, Figure 1 depicts the inactivation of E. coli 0157: H7 in beef at 55, 57.5, 60, or 62.5°C. The data are expressed as the log of the ratio of count at time t (N) and initial count (N0), calculated by subtracting the log initial count before cooking (log N0) from the log final count after cooking (log N). The resulting data yielded the log numbers of E. coli 0157:1-17 destroyed by the heat treatment per gram of beef. For inoculated control beef heated at 55°C, the E. co/i 0157:1-17 count decreased by 2.51 log (6.98 to 4.47 log CFU/g) after 120 min of heating (Fig. 1 ). In contrast, beef supplemented with 0.5% carvacrol or cinnamaldehyde and heated at 55°C for 120 min had 4.66-log reductions (7.13 to 2.47 log CFU/g for carvacrol and 7.30 to 2.64 log CFU/g for cinnamaldehyde) in E. coli 0157:1-17.
Increasing the level of cinnamaldehyde to 1% in beef heated at 55°C for 60 min resulted in a 5.17-log reduction in E. coli 0157:H7 (6.90 to 1.73 log CFU/g). In the beef with 1% carvacrol, there was a 3.42-log reduction in E. co/i 0157:H7 at 55°C within 60 mm. At higher temperatures, similar increased rates of destruction of E. co/i 0157:1-17
were observed in beef with 0.5 or 1% carvacrol or cinnamaldehyde. Thus, the heat resistance of E. co/i 0157:1-17 in beef was additive and temperature dependent. The inactivation kinetics in ground beef with or without added carvacrol or cinnamaldehyde at all temperatures tested showed deviations from first-order kinetics (Fig. 1) ; survivor curves exhibited an initial lag period (shoulder) before any death occurred and a tailing or subpopulation of more persistent bacteria that declined at a slower rate than did the majority of cells. This shoulder effect may be the result of poor heat transfer throughout the beef matrix. The formation of the shoulder also may be due to the initial requirement that the bacterial cells sustain sufficient injury before inactivation, i.e., before first-order kinetics commences. The nonlogarithmic sigmoid survivor curves with characteristic shoulders may be of public health significance because such curves are likely to be observed for fresh and ready-to-eat products, including cooked and chilled sous vide processed foods. The microbiological safety of such foods relies on mild heat treatments and/or a combination of several inhibitory hurdles (e.g., pH, water activity, and added antimicrobials) during food formulation. Thus, concerns have been raised about the microbiological risk involved in processing such new-generation food products (20) .
D-values calculated from only the linear portion of the survivor curves (without shoulders or lag periods) can underestimate the times and temperatures needed to achieve a target reduction in cells. Therefore, the survivor curves also were fitted using the logistic function, which allows for the presence of a lag period and tailing. the increases in the levels of carvacrol or cinnamaldehyde to 1%. The survivor curves of beef with no additives exhibited a lag period of 22.20 min at 55°C and 0.04 min at 62.5°C. General decreases in lag periods were observed in beef at all temperatures tested in the presence of additives. As expected, shorter lag periods appeared to increase the sensitivity of the cells to heat, resulting in lower D-values. The only exceptions at all temperatures were the longer lag periods and lower D-values for the inactivation curve of cells heated in beef with 0.5% carvacrol. Although the lag period increased by 23.13% in beef with 0.5% carvacrol heated at 55°C (22.20 min for control versus 28.88 min for 0.5% carvacrol), the D-values (D 1 ) decreased by 33.1% (43.18 min for control versus 28.89 min for 0.5% carvacrol). The reason for this effect in beef with 0.5% carvacrol at all temperatures is not apparent. To calculate the time required to achieve a specific lethality for E. co/i 0157:H7 in beef at a specific temperature, lag periods must be added to the observed D-values.
To place our findings in the proper perspective, we compared the thermal inactivation rates obtained in the present study with similar data reported elsewhere. When the heat resistance of the same E. co/i 0157:147 strains inoculated in lean ground beef was assessed in bags, the D-values (D 1 ) obtained by linear regression ranged from 21.1 at 55°C to 0.9 at 62.5°C (22) . D-values in beef that were calculated using a survival model ranged from 20.5 at 55°C to 0.4 at 62.5°C. However, the lag periods were not reported (22) , and elimination of shoulders or lag periods from the analysis can lead to underestimation of the time and temperature needed to achieve a desired reduction in cell numbers. In the study of Juneja et al. (22) , the meat samples were submerged in a temperature controlled water bath stabilized at the target temperature. However, in our study the temperature was increased slowly to reach the final cooking temperature in I h before the samples were analyzed for surviving E. co/i 0157:H7. A possible advantage in the application of the data obtained in the present study compared with the data reported by some other investigators is that we used slow cooking during 1 It to reach final cooking temperatures. The slow cooking conditions generally simulate those that are often used in the food processing industry and in retail food service establishments.
In other studies, D-values were calculated using only linear regression analysis to obtain best-fit lines of survivor curves. For example, D-values of 0.75 min at 60°C were obtained for E. co/i 0157:H7 strain 932 inoculated into ground beef containing 17 to 20% fat to give a final concentration of 7 log CFU/g (6) . In those experiments, meat was heated in Pyrex test tubes capped with rubber stoppers. In another example (2), the D-value of E. co/i 0157:H7 in ground beef heated at 60°C in thermal death time tubes ranged from 0.45 mm (7% fat) to 0.47 mm (20% fat). Differences between D-values obtained in the present and previous studies may be attributed to differences in the strains used, their physiological condition, the pH or fat content of the meat, and the methodologies used to heat samples and/ or recover survivors.
To calculate z-values, we plotted thermal death time curves using D-values obtained after heating the E. co/i 0157:H7 cells in beef with or without additives ( Fig. 2A through Q. The z-values in meat ranged from 4.63 to 5.13°C (calculated from D-values obtained by linear regression; Fig. 2A ). The curve in Figure 2A indicates that uniform heat lethality kinetics govern the inactivation of this pathogen. This conclusion is based on the similarity of slopes of the z-value lines for E. co/i 0157:H7 cells in beef with or without additives ( Fig. 2A) .
To put our findings into context with previous research, results of several earlier studies designed to define conditions that influence z-values in beef contaminated with E. co/i 0157:117 were compared with the data obtained in the present study. Depending on the approach used to analyze the data, z-values in ground beef ranged from 4.9 to 6.8°C (22) . Depending on the method used to enumerate the bacteria, z-values in ground beef containing 2% fat ranged from 4.3 to 4.6°C (26) . Calculated z-values in turkey and pork sausage also varied with fat content (2) . In ground turkey containing 3 or 11% fat, the determined z-values were 4.74 or 4.35°C, respectively, and in pork sausage containing 7 or 30% fat, the determined z-values were 4.72 or 4.61°C, respectively. The pH also influenced z-values in beef (21) . The z-values in ground beef at pH 4.5 or 5.5, adjusted with either acetic or lactic acid, ranged from 5.3 to 5.7°C and from 4.7 to 4.9°C, respectively, when lag periods were added to the D-values. Coefficient of multiple determination.
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In the present study, the calculated z-values based on D 1 -values determined by a logistic model ranged from 5.40°C (beef with no additives) to 3.96°C (beef with 1% cinnamaldehyde) (Fig. 213) . The higher z-values for beef with no additives may partly be due to the fact that the bacterial cells have longer lag periods in beef with no additives. Because cells heated at different temperatures had various lag periods, to calculate z-values we added the observed lag periods to the D-values. The z-values in meat based on D 1 -values calculated by a logistic model with added lag periods ranged from 4.89°C (beef with no additives) to 5.77°C (beef with 1% cinnamaldehyde; Fig. 3A ). Based on D2-values calculated by a logistic model, the z-values ranged from 3.42°C (beef with no additives) to 6.22°C (beef with 1% cinnamaldehyde; Fig. 2C ). Our data indicate that the z-values in meat with or without additives were similar to those calculated when lag periods were added to the observed D2-values; the values with added lag periods ranged from 3.42°C (beef with no additives) to 6.90°C (beef with 1% cinnamaldehyde; Fig. 3B ). These findings suggest that for cocktails of E. co/i 0157:H7 strains evaluated in beef containing 1% carvacrol or cinnamaldehyde, higher changes in temperature are required to cause 90% reduction in the D2-value compared with analogous experiments without the additives. These observations suggest that it would not be advisable to determine z-values under one set of food formulation variables and apply them to foods with different formulations.
DISCUSSION
Mechanisms of inactivation of E. co/i by carvacrol.
Discussion of proposed mechanisms that govern the inactivation of E. co/i and other pathogens by carvacrol are relevant to the theme of the present study because previously we found that carvacrol also can inactivate antibioticresistant pathogens, including Bacillus cereus, E. co/i, and Staph y lococcus aureus (9, 10) . Unlike some standard antibiotics such as vancomycin, which exert their antimicrobial effect by inhibiting the biosynthesis of bacterial cell walls, carvacrol exerts its effect by disrupting bacterial cell membranes. Determination of whether carvacrol will also kill antibiotic-resistant pathogens in meat awaits further study.
To develop a better understanding of the mechanism of the antimicrobial action of carvacrol, we previously utilized auto fluorescence spectra to determine the effect of carvacrol on E. co/i C600 cells (8) . An autofluorescence spectrum is the result of the sum of fluorescence spectra contributed by each fluorescing component of a microorganism. Because the composition of each microorganism is unique, each microorganism will generate a unique autofluorescence spectrum. The autofluorescence data revealed significant changes at much lower concentrations of carvacrol (0.01 mM) than changes in membrane potential or releases of ATP (ATP flux) after disruption of the bacterial cell membrane (Ito 2 mM), suggesting that the auto- Temperature (° C) fluorescence detects physiological responses to carvacrol more efficiently than do changes in membrane potential or in release of ATP (37). It is not known whether cinnamaldehyde operates by similar mechanisms.
Culinary and dietary aspects. Numerous studies have been published on the antimicrobial activities of plant-derived substances, including essential oils and their constituents, against foodborne pathogens (4). Essential oil components such as carvacrol and cinnamaldehyde can inhibit growth of foodborne pathogens in alfalfa seeds and sprouts (40) , carrot broth (39), fresh cut melon (30) , ground meat (5, 19, 23, 33) , ground poultry (16), seafood (24) , rice (38) , apple juice (11), wines (12, 13) , and pathogenic human oral bacteria (7) . Cinnamaldehyde is present in numerous commercial foods at concentrations of up to 0.03% (15) and is listed as generally accepted as safe by the Flavor and Extract Manufacturers Association (1). Likewise, low levels of carvacrol also may be safe for consumers (3) .
Oregano and cinnamon oils, which contain -85% car- Temperature (0 C) vacrol and cinnamaldehyde, respectively (11) , are widely used as flavoring agents in many foods, including meat and poultry dishes (27, 36) . The results of the present study indicate that the amounts of carvacrol and cinnamaldehyde needed to facilitate heat inactivation of E. coli 0157:117 in ground beef are higher than the levels needed to inactivate this organism in liquid media (11, 13, 14) . This difference may be due to the fact that the heterogeneous meat matrix probably reduces access of the antimicrobials to the pathogen, suggesting that diffusion governs activity. Therefore, studies are needed to find out the levels of natural antimicrobials in ground beef that will not adversely affect nutritional quality, safety, sensory attributes (including color and flavor), and acceptance by the consumer. Will low concentrations of plant antimicrobials inactivate E. coli and other pathogens in ground beef stored for long periods in a refrigerator? Epidemiological studies have revealed direct associations between the incidence of human cancers and the consumption of well-cooked meats containing high levels of carcinogenic heterocyclic amines (31) . The results of the present study could be used to develop alternative strategies for inactivation of pathogens. Because the use of facilitated thermal inactivation described in the present study allows lowering the time and temperature needed to inactivate foodborne pathogens, it may be possible to concurrently reduce energy use, pathogen levels, and the formation of heterocyclic amines in cooked ready-to-eat meats compared with the use of heat alone. The application of this approach to ground beef and other foods merits further study.
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.1111.1 I iLLijL ' -and 3 can be used to predict the time required at specified temperatures to achieve a specified reduction of E. co/i 0157:H7 in beef supplemented with 0.5 to 1.0% carvacrol or cinnamaldehyde. Based on the thermal death times determined in the present study, contaminated sous vide processed ground beef should be heated to an internal temperature of 60°C for at least 30.32 min to achieve a 4-D reduction in E. coli 0157:H7. The heating times at 60°C or any other temperature needed to achieve the same effect can be reduced in beef with that contains 0.5 to 1.0 % carvacrol or cinnamaldehyde. The thermal death times determined in this study should be useful to the retail food industry and food processors for designing cooking regimes and control plans to effectively eliminate E. co/i 0157:1-17 in sous vide cooked 75% lean beef.
